This paper examines the effects of geometrical parameters of pillar post rotors on the thermal performance of automotive vehicle brakes. The thermal performance of vented disc brakes strongly depends on the aerodynamic characteristics of the air flow through the rotor passages. These air flow passages are determined by the geometrical parameters of the brake rotors. In this study, different pillar post rotor models are considered and the corresponding numerical simulations are performed, in order to investigate the effects of various geometrical parameters on the thermal performance. These geometrical parameters include the shape, size, and distribution of a pillar post. The new insight from these parametric studies provides useful guidelines to optimize the geometry of pillar post rotors of automotive vehicles.
ventile depend grandement des caracteristiques aerodynamiques du debit d'air dans les passages des rotors. Dans cette etude, differents poteaux de pilier de rotors sont envisages et des simulations numeriques correspondantes sont effectuees pour etudier les effets de differents parametres geometriques sur la resistance thermique. Ces derniers comprennent la forme, la taille et la distribution d'un poteau de pilier. Un nouvel aper9u des ces etudes parametriques fournit des directives utiles pour optimiser la geometrie des rotors de poteaux de piliers de vehicules automobiles.
INTRODUCTION
The brake system has significant effects on an automotive vehicle's safety and dynamic behavior. During the operation of the brake system, kinetic energy is converted into thermal energy through friction between the brake pad and rotor faces. Excessive thermal loading can result in surface cracking, judder and high wear of the rubbing surfaces. High temperatures can also lead to overheating of the brake fluid, seals and other components. Therefore, many studies have been conducted to improve the thermal performance of brakes [1) .
Based on the design configurations, vehicle friction brakes can be classified as drum or disc brakes. The main drawback of drum brakes is that all components are housed in a drum, therefore under some extreme conditions, such as descending a steep hill with a heavy load or repeated high-speed decelerations, drum brakes would often fade and lose effectiveness [1) . Compared with their counterpart, disc brakes would operate with less fade under the same conditions. An additional advantage of disc brakes is their linear relationship between brake torque and the pad/rotor friction coefficient. Advantages of disc brakes over drum brakes lead to more common use of the former on passenger-car and light-truck front axles, many rear axles, and medium-weight trucks on both axles.
Two typical brake disc configurations are vane rotors and pillar post rotors, as shown in figure 1 and figure 2. Many experimental and analytical studies have been performed to improve the thermal performance of these rotors. Limpert [2) compared the solid and ventilated rotor thermal performance and concluded that the total convective heat transfer coefficient consisted of approximately one-third cooling from the vanes, and two-thirds from the friction surfaces exposed to the ambient air. Parish and MacManus [3) measured the unsteady flow fields of a variety of ventilated brake rotor discs to determine the mean and unsteady velocity, and whirl angle distributions at the rotor exit plane of a brake disc impeller. Mcphee and Johnson [4) utilized particle image velocimetry to determine the velocity field through the internal passages formed by the radial fins. A number of detrimental flow patterns were observed, notably entrance effects and the presence of recirculation on the suction side of the fins [4) . Repmann [5) used a particular disc brake to develop a method for calculating temperatures of disc brakes under time-independent conditions. In the calculations, a CFD code was employed for determining distributions of local temperatures in the flow field, as well as the brake rotor [5) . Qian [6) introduced a new methodology for the aerodynamic shape optimization using a commercial iSIGHT program, as a design synthesis tool to integrate the CAE/CAD software packages, such as UG, ICEMCFD and FLUENT. However, little attention has been given to the investigation of effects of pillar post rotors' geometrical parameters on vehicle brakes' thermal performance. Moreover, there is an ongoing debate on which design configuration, between the pillar post and vane rotors, is more effective for heat convection. Sun [7] observed that the average heat transfer coefficients of the pillar post rotor are approximately 25% lower than those of the vane rotor at vehicle speeds of 24 km/h and 64 km/h. In contract, some manufacturers insist that pillar post rotors can provide better cooling performance than vane rotors.
In this paper, different pillar post rotor models are developed and the corresponding numerical simulations are conducted, in order to investigate the effects of various geometrical parameters on the thermal performance. To evaluate the effect of geometrical configurations of the rotor passages on the thermal performance, the pillar post and vane rotors are compared.
NUMERICAL SIMULATIONS OF PILLAR POST ROTORS WITH CFD
With the analytical method, it is difficult to determine the more detailed effects of the geometrical parameters of rotors on the thermal performance of disc brakes. These geometrical parameters include the number of pillar posts, different pillar post positions and various pillar post sizes.
In order to improve the accuracy of the predictions, a number of 2-D mesh models were constructed with a commercial software GAMBIT. Due to the axial symmetric configuration of the rotor, a partial cooling passage was introduced with periodical boundary conditions applied at the both sides. The computational domain and mesh are shown in In the simulations, the heat transfer rate is the important parameter to optimize the configuration of pillar posts rotors. Heat transfer from the rotor surfaces was neglected. When the models changes, for example pillar post numbers increase from 96 to 256, the heat transfer from pillar post walls drastically increases from 305 kW to 809 kW by 166.7%. However the heat transfer from disc rotors only decreases slightly from 832 kW to 746 kW by 10.34%. This indicates that the heat transfer change largely depends on the change of pillar post walls not disk rotor surfaces, so the 20 models are reasonably accurate for the pillar post problems. The ratio of heat transfer from the disc surfaces vs. the pillar post walls varies for different models. With the pillar post, when the number increases from 96 to 256, the ratio decreases from 2.77 to 0.93. The predicted velocity distribution is shown in figure 5 and the predicted pressure distribution is shown in figure 6 . To increase the thermal performance of rotors, the heat transfer rate should be increased. The models with different pillar post numbers, different pillar post positions and various pillar post sizes will be investigated in the following sub-sections. 
Effects of Pillar Post Numbers
Six different rotors with 96, 128, 160, 192, 224 and 256 pillar posts were chosen to evaluate the effects of pillar post numbers on the change of heat transfer rate. Figure 7 shows the relationship between pillar post numbers and the heat transfer rate at an angular velocity of 44, 88 and 120 rad/s, respectively. As shown in Fig. 7 , with the increase of pillar post numbers, the heat transfer rate increases as well. However, when the pillar post number reaches 256, the heat transfer rate will slightly decrease compared with the rotor with 224 pillar posts. With the increase of pillar post numbers, the air flow is blocked by them. 
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Effects of Different Positions of Middle Pillar Posts
To investigate the effects of different positions of middle pillar posts on the heat transfer rate, three sets of rotor models with 96, 160 and 224 pillar posts were developed. For each set of the rotor models, the relative moving angle 13 (as shown in figure 8 ) of a pillar post arranged on the two middle rings is 7.5°, 4.5°and 3.2°, respectively, as shown in figure 9. With these rotor models, numerical simulations were conducted at angular velocities of 44, 88 and 120 rad/s, respectively. The simulation results, as shown in figure 10, indicate that when the middle pillar posts are relatively moved by an angle of 7.5°,4.5°and 3.2°, respectively, the heat transfer rate decreases slightly. The numerical simulations show that the heat transfer rate does not benefit from the middle pillar posts' angular orientation variation, within the specified value range.
Effects of Modified Entrance Pillar Posts
To allow the air flow to pass through the vane ducts without blockage, a modified design of rotors with inverse entrance pillar post triangles was implemented, as shown in figure 11. In the case of the modified entrance pillar posts, the rotors with 96, 160 and 224 posts were tested at the angular velocities of 44, 88 and 120 rad/s, respectively. As shown in figure 12 , when the entrance pillar posts are arranged in the form of reverse triangles, the heat transfer rate increases progressively with an increase of the pillar post number, when w=44 rad/s, w=88 rad/s and w=120 rad/s. Since the direction of the modified entrance pillar posts is aligned with the airflow vectors, there is less resistance to the flow. 
Effects of Increased Pillar Posts Sizes
To further improve the thermal performance of brake discs, six rotor models with an increase of pillar post sizes by 82% were generated and the corresponding numerical simulations were conducted at different angular velocities, as shown in figure 13 . Figure 14 shows that the enlarged pillar post rotor increases the heat transfer rate at different angular velocities. This is due to more evenly distributed air flow velocities in pillar post sections, as shown in figure 13 . 
Comparison of Pillar Post Rotors and Vane Rotors
To compare the vane and pillar post rotors, several models for both rotors were chosen. Note that the vane rotor models are based on those reported in Ref. [1] . The simulation results, as shown in figures 15, 16 and 17, indicate that the geometrical configuration, in the form of vane rotors, has more significant effects on the thermal performance of disc brakes, than that of the design in pillar post rotors. A close observation discloses that in the case of a small number of vanes and pillar posts, these two geometrical configurations have minor differences, in terms of the heat transfer rate. As the number of vanes and pillar posts increase, the vane rotors have a much higher heat transfer rate than their counterparts, including the original pillar post and modified pillar post rotors. fluid dynamics (CFD) is an effective tool for analyzing the heat transfer behavior of vented disc brakes, with different geometrical parameters. The simulation results indicate that there are a number of pillar posts, with which the disc brake will achieve optimal thermal performance. By orienting the entrance triangle posts, the heat transfer rate can be improved by 6%. By enlarging the pillar post size, the heat transfer rate can be increased by 30%. However, the relative angular orientation between the middle rings' pillar posts has little contribution to the improvement of thermal performance. The numerical results demonstrate that the geometrical configuration, in the form of vane rotors, has more significant effects on the thermal performance of disc brakes, than that of the design in the form of pillar post rotors. This new insight can provide useful guidelines to optimize the geometry of vented disc rotors of vehicle brakes.
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